Outcomes following repair of superior canal dehiscence (SCD) are variable, and surgery carries a risk of persistent or recurrent SCD symptoms, as well as a risk of hearing loss and vestibulopathy. Poor outcomes may occur from inadequate repair of the SCD or mechanical insult to the membranous labyrinth. Repair of SCD using a customized, fixed-length prosthesis may address current operative limitations and improve surgical outcomes. We aim to 3-dimensionally print customized prostheses to resurface or occlude bony SCD defects. Dehiscences were created along the arcuate eminence of superior semicircular canals in cadaveric temporal bones. Prostheses were designed and created using computed tomography and a 3dimensional printer. The prostheses occupied the superior semicircular canal defect, reflected in postrepair computed tomography scans. This novel approach to SCD repair could have advantages over current techniques. Refinement of prosthesis design and materials will be important if this approach is translated into clinical use.
Introduction
Superior canal dehiscence (SCD) is a bony defect of the superior semicircular canal (SSC) that, when associated with vestibular and auditory complaints, is referred to as SCD syndrome. 1 Surgical intervention is reserved for patients with debilitating auditory and/or vestibular symptoms. 2 SCD repair falls into 2 general categories: resurfacing and occluding. Resurfacing is performed by placement of a bone chip, fascia, cartilage, or bone cement over the defect. Occluding techniques are performed by placement of bone wax, bone chips, or fascia within the SSC lumen to plug both limbs of the canal. Each operative approach has a unique set of technical challenges and potential complications. 3, 4 Variable results are thought to be due to damage to the membranous labyrinth from pressure fluctuations during surgery or migration of graft materials.
Recent advances in 3-dimensional (3D) printing technology may allow for critical improvements in current approaches to SCD repair. 3D printing allows the creation of customizable microscopic structures [5] [6] [7] and is rapidly gaining applications in medicine and surgery. 8,9 3D printing is technically possible with a number of biocompatible materials, including titanium 10, 11 and hydroxyapatite. 12 3D printing has not been readily applied to otologic surgery.
We hypothesize that a 3D-printed prosthesis may adequately resurface or occlude an SSC defect. Herein, we aim to (1) design a prosthesis for SCD repair and (2) 3D print the prosthesis to address a defect in cadaveric temporal bones. This novel approach may overcome limitations of current techniques.
Methods

Temporal Bone Model
Fixed cadaveric temporal bones with dura and brain removed were utilized (n = 3). Arcuate eminence defects are most common in SCD, 13 and representative dehiscences (length 3 width: 5-7 3 1 mm) were created along the middle fossa floor using a 2-mm diamond burr. The length and width of the defect was made in accordance to measured dehiscences in human patients. 14 
Semicircular Canal Dehiscence Prosthesis Design
DICOM images were imported into OsiriX (Pixmeo, Switzerland). Measurements of the SSC were made, including radius, length, and curvature of the defect. With modeling software (SketchUp, USA), prostheses were designed to resurface or occlude the superior canal.
3D Printing and Testing
For the model SCD case, a variety of prostheses were fabricated using commercially available 3D printers: Form 11 from FormLabs (Massachusetts, USA) using a plastic-based (resolution: 25 mm) resin or Formiga (Munich, Germany) using plastic-(resolution: 60 mm) or aluminum-based materials (resolution: 150 mm). Materials were chosen according to the need for rapid customization, high-resolution printing, or radiopaque qualities. Following manufacture, prostheses were used to repair the defect in a sample case, and the temporal bone was reimaged.
This temporal bone study was exempt from Massachusetts Eye and Ear Infirmary Institutional Review Board review. The Human Studies Committee determined that this project does not meet the definition of research with human subjects as defined by 45 CFR 46.102(d) and (f).
Results
Dehiscences identified on cone beam were consistent with previous studies. 14 Modeling software permitted the creation of a virtual prosthesis at submillimeter scale. Basic resurfacing ( Figure 1) and occlusive designs were attempted. The resurfacing prosthesis was designed with wings to sit on the surface of the canal, with a small anchor sitting within the canal to secure the prosthesis without occluding the lumen. In contrast, the occlusive prosthesis was designed to sit within the canal, plugging both limbs (see Supplemental Figure S1 at www.otojournal.org/supplemental).
In the sample case, under surgical microscopy, basic resurfacing and occlusive prostheses were placed into the SCD without difficulty (Figure 2) . After prosthesis placement, bone wax was gently overlaid for stability. Upon removal of the prosthesis, no bone wax entered the canal lumen (Supplemental Figure S2 at www.otojournal.org/supplemental). A postplacement scan demonstrated the prosthesis within the canal (Figure 3 ).
Discussion
We demonstrate a novel method of SCD repair using a dehiscence prosthesis fabricated with a 3D printer. Postplacement imaging shows that prostheses may fit defects using both resurfacing and occluding approaches. Current techniques leave uncertainty regarding the stability of resurfacing repair and the volume or migration of occlusive material within the canal after canal occlusion. 15 An SSC prosthesis may avoid these issues by predictably repairing the canal. Furthermore, radiopaque nonabsorbable material may also address the current dilemma of nonvisualization of repair materials in postoperative imaging assessment.
Print materials were chosen to test various designs and to determine the feasibility of printing at ultrahigh resolution. Surgically implanted prostheses may be printed with materials specified by the surgeon and could vary according to the type of defect-with, for example, malleable materials used for small defects that are poorly visualized or those that have unexpected anatomic characteristics. Furthermore, given the ability to incorporate medications, such as steroids, into biologic printing materials, further advancements can be easily envisioned.
The use of an SSC prosthesis based on preoperative measurement of canal dehiscence is clearly experimental. A cadaveric temporal bone model without soft tissue or movement artifact improves the resolution of cone beam scanning, which may increase the ability to make accurate measurements. This preliminary report also does not address challenging SCD cases, such as the blue-lined canal. Better understanding of correlations between preoperative images and intraoperative findings, as well as use of US Food and Drug Administration-approved materials, may provide for further design improvements and address safety considerations. Finally, clinical studies will be necessary to determine whether an SSC prosthesis yields improved outcomes when compared to existing approaches.
Conclusion
We demonstrate a novel method of SCD repair using a dehiscence prosthesis fabricated with a 3D printer in a temporal bone model. Refinement of prosthesis design and print materials will be necessary before translation of this approach into clinical use.
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